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RE

R.J. ESTEP, K.L. COOP, T.F!. DEANM, * and J.E. LUJAN

72s AlaJuo8 National Laboratory, U.S.A.

A combined paaaivo-activo neutron aaeay device wan constructed
for aaoaying runoto-handled tranauranic waste. A etudy of matrix
and source position effects in active aaaays showed that a
knowledge of the source poeition alone is not efficient to correct
for position-relatmd erroro in highly moderating or abaorbing
matrices. M alternate function for the active aaaay of solid fuel
pellets wae derivmd, although the efficacy of this approach remains
to be established.

1. INTRCIDUCTION

w. havo devolo~d and constructed a paerniva-active neutron (PAN) a88ay
devic, for certifying rcm.oto-handl~d traneuranic (MI-TN) waate for
●ventual Emplacement at tho Waste Isolation Pilot Plant (WIPP) naar
Carlabad, Now naxico . Thie devica ia eaaontially a smaller,
detactor-ohialded ve~eion of ●arlior PAN ●8aay devicoe built at L08
Alanma Natioaal Laboratory [11, combining tho active difforuntial
die-away technique (DDT) with pasaivo noutrofl coincidence counting to
yield two sapa.ato but complh’mntary fisailo mass rmaauronnnte. Bocau8e
of design diffarancoe and the difficult natura of tha RH-TRU uaetme to
b, aas~yod, tho eo-called “eooond-generation” matrix ●ffoots oocrootion
algoxithin [2] used in tho ●arlior Loo Alamo PAN dovicos was not uood
with this dovico.

Aacording to WIPP crltoria, RH-TRU wasto is dofinod ●s transurania
waetc with an expoaurs rat. of moro than 0.2 R!h ●t tho eurfaoc of tho
containmr, As tha nan~ Lmplioo, 8\lch wasto must be handled rmotoly to
● nsura that WOLk@rB ● ro n?t ●xpoaod to ●xcceaivo 1CVQ1O of radiation.
Tt?o RH-TRU waoto genoratod ●t L08 Alamos coneiate mkinly of irradiated
breadar-raactor fuel pellote containing mixturoo of uranium ●nd plutonium
of varying iootopic composition and dqrem of burn-up, Theoe have been
roducad in Metallurgical etudio~ to oactiona of fuel pollato ●nd to
~rindinga ●nd cuttings from tha pil-t.c. The composition of thie waata,
thoroforo, vari,s from ●baorbod oolutione to gram-eizo lumpe of fiosila
material, in various matricoa. Baforo seaaying, +.ha J.8-L cans of want.
arm ooalod inaldo 21-cm-diam by 30-cm-high stool cans. Th@ aurfac@
gmwna-ray ●xpoouro rataa of thaea cane ca~ bo am high aa 1000 R/h.
Bocauaa (f thoeo high ●xpoauro rats8, the ●omay daviaa waa danigned to
bo operated ineido a hot 0011.

Tha principal design modification rsquirod for ●oaaying RH-TRU waota
was the ●ddition of 15 cm of load shislding in front of tho dotootore to
●ttenuate the intones gamna-ray fiolde from tho Waeta. Tha ‘Ho

propo~tional countara used in PAN ●aaay dovicoo dmtmct low-onargy

nautrono via tha ‘Ho(n,p)3H reaction, which produces a charga pulao
significantly larger than thoao producad by ga~ ray8. When ,,seaylng



cont&ct-handled TRU waste, this allows nearly complete discrimination
against garmna radiation. Unfortunately, the gamma-ray rates from the
RH-TRU waste are so high that without heavy shielding of the detectors,
pulse pileup can defeat the discrimination.

Becau3e it is neceeaary to place the sample aa close as possible to
the “on-can” flux monitor (see Sec. 2) to get a useful matrix effects

correction, we were cozzerned that the cadmium shielding around that
detector would locally depress the thermal flux and that a uniform
interrogation could only be obtained by raising the s?mple up sonw
distance from the on-can detector. Therefore, in addition to developing a

(uniform) matrix effects correction for the DDT assays, we have tested
whether taking DDT measurements with the wasta container in two different
poeitiona can significantly improve the aeeay accuracy.

Figures la and lb show the echematic daaign Gf our Rli-PA14device. Ita
dhnaions are 142 by 142 cm by 86 cm high, and it ia constructed mostly
of lead, polyethylene, ●nd graphite, with ateul and aluminum supports

(not shown). The neutron source for DDT assays is a sealed 14-Mev
neutron generator (zetatron) . The upper and lower parts of the moderating
cawity are packed with additional graphite not shown in the figures, but
indicated by thQ dashed lines in Fig. la.

Imbedded in each of the fnur vertical walla ia a pair of 3He
dctoctors: one bar. ●nd one ahialdcd (against Lhazmal neutrons) . The
ahimlded detactors arc eurroundad inside-to-outaido with 1.3 cm of
polyethylene, 0.16 cm of cadmium, and 0.32 cm of boratad rubber. The
ahiolded detoctora provide the baaic signal for the DDT aaaay. Thm bare
and ahialdad detsctor counts ● re 8umned for paaeivo neutron coincidence
counting. Tho total ayetmm ●fficiency (baro plus shiol,dod) for counting
neutrons from 2’O?u ia ●pproximately l.lt.

A3 He datmctor mounted in the corner of tho cavity opposite ths
neutron generator monitors the flux for DDT aeaaye. To first ordar, thie

detector gives ● count rate proportional LO the thormsl neutron flux
ina.ide tha cavity, and ig uoed for normalization. Imbedded in the floor

of tho devico La a partially cadmium-ohielded, boron-lined proportiorial
counter, raforred to ● o tho “on-can” flux monitor. Thm aadmium shielding,
which waa carefully designed to minimize tho ●mount of Cadmillllluamd,
bloaks theznulizoci neutrons ●ntoring from tho sidoe but is opon to
neutrona ●ntoring from ●bovm. To first order, this dataotor meaeurou tha
thermal neutron flux innide the waota containar ●nd ia uoea to correct
for matrix ●ffmcte.

The polyethylene lid to Eh@ chmnber in suopenciod from above (not
shown) by the chain of ● remotoly-operated crano motor that la mountad
on a Bliding track. To allow for reproducible dual-positioning of tha
eampla can, tha lid La attachad to a sliding rod with adjustable etopa,
l!lgura lb ahowa the ttlo meaeuranent poeltlone for tha ample, rafmrred
to here ae “up” (solid lines) and “down” (da@had linee), Tho sample can

attachee to the and of ths eliding rod by a mall hook.

3. EXPERIMENTAL METHOD

W, madw ● sarieo of maaaurunmnto uoing reel ●nd mockup waoto cana to
charactariza thn active ●nd padeivc ayatoma. TO dorlva a masrlx ●ffmct

corraotion for the active ●eaay ●nd to etudy tl:a ua9 of two measuranent
positions, ovor forty (4000-pulse) DDT ●aaays ware performed in both the
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FIGURE 1.(a) Top cut-away vi.w of tho RH ●ssay dovlc~. Tha dash-d linoe
lndlcata ths location of ●dditional graphito at tho top ●nd bottom of

th. unit. (b) Sido cut-away viaw of tho device indicating tho up ●nd
down maoumment poeitione for the emnpla by solid and daehmd lines.



up and down positions on an 8.67-g, 0.005-cm-thick enriched 235U foil
(93$ 235U). This was a fairly large foil, having a surface area of
-90 clr12.The foil was placed at various posit:lons and orientations within
the container, in matrices ranging from no-matrix to closely-packed high
deneity polyethylene blocks (highly moderating matrix) to Borax mixe~
with vermiculite ,,\highly absorbing matrix). Some of the measurements were
made with the U foil flat against tho bottom or top of the can.

Because such position extrems are unlikely with real wa~te, we lmve
excluded those data points when deriving a function to estimate
correction factGrz and in our evaluation of the dual-position msthod.

They are useful, however, in making qualitative comparisons.

To dmtermine an alternative mass formula valid for fual pellets, DDT
measux~nts were mde on a set of 13 stainleas steel cylinders (each
0.9 cm in diameter by 5.1 cm long) containing unirradiated fuel pellets
with diameter~ from 0.67 cm to 0.82 cm and lengths from 0.64 cm to

0.88 cm. The composition of the fia8Sle material in the cylinders waa
-20t plutonium an-d 75t uranium of varying isotopic ratioa. The
contents fell into three categories:

1) high burn-up plutonium (12% 240Pu) with depleted uraniunu

2) lo;a~burn-up plutonium (6t 240Pu) with moderately enxiched
(40* U); and

cylinder

uranium

3 low burn-up plutonium (6%
1

240Pu) with nighly enriched uranium (93%
2 5U).

(rhe isotopic percentages are relative to the element.) Active
measurements were made on a ingle cylinders and on combinations of
cylinders, with fiaaile masses ranging from 2 to 180 g. (Unless
otherwiao stated, fimaile mAeaoe ● re expressed aa tha equivalent mAsa of
low burn-up plutonium, i.e., aa 94t 23QPu ●nd 6# 240Pu. For thle reaeon,
what we ●re calling the “trua” masaos of the mockup eamples will
generally be different for paaaive ●nd ●ctivo asaays.1 Tho meaaurernents
were made in matricea varying frcm no-matrix, to high-den~ity
polyethylene blocks (highly moderating), to steel blocks
absorbing) .

Following the DGT ●aaay8, the non-irradiated fuel pellet
aamploo were ●aaayed Uairig 900-8 and 30000-s (overnight)
coincidence counts. Those data were used to characterize the
ayatem.

(highly

mockup
paaaive
paaoive

Ml data were collected in an IBM AT-ba8ed oyatem uoing four Ortec
ACE multichannel Scaler carda under the contrcl of computer Ooftware
dmveloped at Los Alamos National Laboratory [4].

4. RESULTS AND DISCUSSION

4.1~

4,1.1 ~

Figure 2 showo the maaeured ehielded-detector raaponao in the down
position va the on-can reaponae in the down position for DDT ●aaay.a of
the 2“(1 foil. The foil poeitione are indicated in the figure by
different aymbola. Tha background-corrected ehielded and on-aan renponaea
we ra normalized to the cor:eoponding flux monitor counts, and the
ahialdad risaponoe was furthar normalized so that a value of 1.0 waa
obtainod for the case in which the foil waa centered in tho can with no
matr~x preaont. Becauoa tha same maas was measured in ●ach casa, with

thle nommulization tha lnvarne of rho ahlalded reoponae can be taken fia



the active correction factor. Figure 3 shows the shieldad detector
response in the up position va the on-can response in the down position
for the eanM mockup Cana moaaured in Fig. 2.

Figure 2 shows that the correction factor required for the down
maouremnt with a given matrix ie an.alleat when the fiaaile material ia
near the top of the can, and largest when the matarial ia near the
bottom or at the center. By contraat, Fig. 3 ehowe that tha correction
factor required for the up nmaeurement is smallect when the material h
either near the top or the bottom of the can, and largest when the
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FIGURE 2.The down shielded detector response va the down on-can ;esponae
for activo ●amaya of the 235U foil. Tho down ohlolded reaponso is
normalized to equal 1.0 for the indicated roferenco point, which
rapreeonta tho no-matrix came with the foil aontered in th8 can.

nutcrial is in tho contar. This demonatratms that the oampl- r-ceives a
more uniform interrogation when the can ia in the up position, and
confirms our hypothesis that the on-can flux monitor caueea ● significant
local depraeaion of tho thermal flux.

Becauae the up and down measurements rcepond differently tie A function
of the foil pooitlon, one might suppose that position of the foil could
be (approxhatoly) detcrminad by taking tho ratio of t ho two
measurements. Thie le vgrifiad in Fig. 4, which ehow~ tho ratio of tha

down-to-up ehioldad roaponeoa vs thm ●pproximate height of tha foil
within tho caniotmr, Although there ie ● great deal of acattor in tho
data, tha general trend in that the down-ohieldad tu up-ehialded ratio
lncreaaoe more-or-less linearly with the height of the foil,
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For the down measurement alone~ the active mass is given by

(1)MA = al* SHD*CF ,

where MA is the active fissile mass, SHD is the normalized down-shielded
re8ponae, al ia a conetant calibration factor, and CF in the matrix
effect correction. In the shnplest idealization, the correction factor,
CF, should be proportional to the inverse of the down on-can response.
Caldwell, et al., [2] used a particular exponential function of the
on-can (barrel) flux monitor response for an absorber correction in their
“oecond-generation” approach. Because we are using the same variable to
correct for both absorber and moderator effects, we have not restricted
ours~lves to their function. Instead, we have teeted several functions.
The one that eeauns to give the best results on the 235U foil data in
both Figs. 3 and 4 {excluding the extreme position cases) is

CF = con~tant.ON~a , (2)

where ONCAN ia the down on-can response, and a2 ia a constant to be
determined.

To teat whether an additional measurement in the up poeltion can
improve thm reaulta, we have compared results from Eq. 1 with thoee
obtained using tho more general function,

(3)MA = (a3”SHD + a4”SHU)”CF ,

where StiU is tho shielded response in the up position, and a3 and a4 are
constants to be determined. Note that the weighted average in Eq. 3

reprments the only way to combine SHU and SHD that is additive for
multiple sourcoa. That ia, to the extent that Eq. 3 works ae a poeition
correction for point aourcea, it is alao ~~aranteed to work on
distributed sourcas.

Figure 5 ehowa tho ratioe of :ho calculated mass to the true maaa ae
● function of the down on-can response, computed for both the aLngle-
and double-nwaoure~nt approached. The coefficients a~ were determined
with an unweighed, iterative leant-squares fitting procedure. Thus, the
mass formula for the single-measureumnt approach is

14A = 2.65.SHD.0NCAN””93 ;and (4)

the maaa formula found for the double-measurement approach ia

w = 1.82.(08124.SHD + 0,8760SHU).0NCW-1”0 . (5)

To evaluata the goodna8e-of-fit of Eqa. 4 anii 5, we can compare the
standard deviation~ in the final, calculated masaoe. with tho singlo

mea~urement, the etandard deviation in tho mean ia 16.4t. Thim ia much
larqer than the 1-3* error that would be ●xpected baeod on collnt+.ng
atatietics alone. With th~ double measurement, the standard deviation in
the mass ie 15.2$, only slightly better than we obtained for the
single-measurement approach. Ba6ed on this, we have decided &gainet
routinely uainq tha double-maaeuramnt approach with this device, becausa
the benafit is too alight to juntify tho extra aasay the.

That the doublo-measurement approach dld cot give significantly better
ru9aulta than the single-meaauranunt approach auggeota that the
poeition-zmlated erroro are 1.ss important than originally auppoeed, This
KMy be due to the small ~ize of the our RH cans relative to the
source-detector d19tance8 (comparmd with the latger, contact-handled PAN
aeeay units) and to the relatively lnrge siz. OZ the uranium foil, If

so, then it wctuld be unwlae to generalize our reaulta to tho larger
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FIGURE 5.The ;;~tio of the measured to true fiasile mass for active
aasays of the u foil vs the down on-can response.

units. Another explanation ia that it ia not the absolute pouition of
the source that ie significant? but tho position of the source relative
to whatever absorbing or moderating materials are present. This view is
supported by DDT meaaurementa made with the can filled only halfway with
matrix material, and the 235U foil placed flat on top of the matrix.
Three uuch maauremnta are shown in Fig8. 2 and 3. The aasay valuea are

approximately the ea.uM an when the can ia completely filled with matzix
and the foil ia laid flat on the top. (These data points were not ueed
in fitting Eqs. 4 ●nd 5.)

It haa been obaervad in othez DDT Byutema that the DDT aoaay error
generally increases with the correction factor [2]. In Fig. 5, our
errors seem to be largest for Lntarmdiate values of tho correction
factor. This problem can be attributed to the higher unifomuity of those
matricea that required the largeat correction factors (mixtures of
vermiculite and Borax) . The group of pointa with the highest scatter

(between ONCAN = 0.012 and 0.02) had matrices of stacked blocks (2.5- tc
5-cm edges) of polyethylene and iron. While these were stacked aa
tightly as possible, there were necessarily some gaps.

We estimate that the iower limit of detection (4 times sigma of
background) for DDT ●ssays with this device under ideal conditions is

-50 mg of enriched uranium for a 4000-pulse (80-s) irradiation.



4.1.2 Alternate mass function for fuel pellets

Some of the LOS Ala.mm RH-TRU waste will contain intact or large
segments of fuel pellets. Such waste ia difficult to aaaay using the DDT
method becauae the fiasile material is in the form of lumps? and only
the outer skin can be penetrated by the interrogating thermal neutron
flux. We have derived an alternate function for eattiting the fisaile
mass when it is known that only fuel pellets are present, based on the
asmunptio~ that the geometry of the pellets ia regular enough that
approximately the same amount of eelf-ahieldlng occurs with each pellet.
To the extent that this &pproach works, it can be applied to wastes of
unknown composition to eathate the maximum fisaile content.

To determine the alternate mase function, DDT -aourement~ were made
on the mockup samples of non-irradiated fuel pellets in varioua matrices

(See Sec. 3). Figure 6 shows the measured mass of the various fuel

Samplea (calculated from Eq. 4) V8 the true fiasile mass. The formula
used to fit this data (tha curve in Fig. 6) was

~. t3.47.# ,

which give8 the alternate function,

MPEL7.ET = 3.1*MA1”5 , (6)

where MA is thm maas calculated for the normal case, M ia the true mass,

and MPELLET is the estimated fuel pellet mass. The standard deviation in
the ratio of the maoured-to-true maaa ia 48%. Because of the large
amount of scatter in Fj.g. 6, it is difficult to judge how well the
function actually fits our fuel pellet data.
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FIGURE 6.The measured active fiueile mass of the mockup fu?,l pellet
oampleo va the true fi88ile mane.



4.2 Paaaive ~eaults

The same mockup fuel pellet samples used above to obtain the
alternate DDT calibration were also used to characterize the passive
neutron coincidence system. Figure 7 shows the measured passive mass vs

the true mass of the samples. The meaaured massea are calculated from

the coincidence rate uoing the formula .

~ = 408 ● ~TE , (7)

where RATE is the Alet true coincidence rate (counts/second) and MP is
the passive mass. Because of the low efficiency of the sy8tem, the

statistical (counting) errors on the calculateCni&8ses ‘are
t

relati ly

large. For the data in Fig. 7, the counting er’or averagea 26% for . he

900-s counts And 7% for the 30000-s counts.

1

The scatter in the data, in

Fig. 7 can be mostly accounted for by this error
F

The sensitivity of he ,
pasaive aasay system is -10 g for the 900- counts and falls to
approximately 2 g for tha 30000-s counts (overni*t cmmts) . J

..—.

..

FIGUFLE 7.The measured passive fiseile mass of the mockup fuel pellet

samples V8 the true fisaile mesa.

4.3 Reaulta with actual wastes

To date, only 10 can~ 6f actual waste have been made available for

aaaay. TaLie I 8umnarizes the reuulte from those measurements, expreaeed
in equivalent grama of low burn-up plutonium. All that we know about the
waate cana ia that they contain grindinge f~om irradiated uel pellets
(no intact pellets) and hot cell debris, and that the surl lcs exposure

rates are -10 to 100 R/h. The flssile material present is preaumad to be

a mixture of uranium and plutonium of unknown &eotopic composition. For
purposee of accountability, a flemile mass of O 5 g had been previously

aeaigned to each of the cana. This waa Lno mo e than a guess by ‘the

operator(s) who generated the waate and should not be taken ao the true

.



maa8. In addition to the “normal” active assay result~ Table I ahowe
the fiaaila Maas computed using the special fuel pellet function
(Eq. 6).

For each waete can, the paesive assay showed a fiaaile mass of <10 g,

hhich is below our aeneitivity limit for 900-s passive aaaaya. Because
we know that grindings (and not intact fuel pellets) are involved, the
normal active aasay should be reliable. Aa shown in Table I, the normal
I)DT assay gives a fiaaile mass range for the 10 cans of 0.15 to 1.64 g,
with an average value of 0.91 q. This demonstrate that the DOT asoay
myat~ j-a not ~airad at this exposure rate and that, for these 10

can8s the nominal value assigned by the operators waa not greatly in
error.

TABLEI. Me~udfitilem-sforaWwMb-s. I

Can Number I fdive Ma8s I Paasive Maas

Nom ~ Pellet (g) Q!O

88 0.26 + 0,04 0.36 *o. 19 <10

84 1,32* 0,21 4,7 &2,3 <10

86 0.22* 0.04 0,33*o.16 <lo

co I 1.32~0,21 I 4.7~2,3 I <10 I

83 1.OS* O.17‘ 3,3*1.7 <10

78 0.16i0.02 0,19* 0.08 <10

87 0,60* 0.08 1,1*0.66 <lo

86 1.62i 0.26 6.4&?L2 <lo

81 1,63* 0.26 6.6 &3,2 <10

82 1,05● 0.17 3.4 21.7 <10

5. GWuKsKW

Our obaarvation that making DDT nwadurammr$ in two pooitionfi reoulta
in only a eliqht improvement in the ‘“Jkf accuracy implies thtic
non-uniformity in the interrogating fl~x i6 not a primary source of
● rror with thie device. ?oeition-relatad errors ● re largeet when the
matrix ia highly moderatir.g or abaorbi~]g ●nd are probably due more to
the amount of absorber or modorator invnediately surrounding the source
+.han to the hbaolute position of the aourca, Indication are tnat
non-uniformity of the matrix is our chief aourco of aeoay error, and

that the effecte of aourco pooition ●nd mrtrix dtatributlon are tiad
togethwr in ouch a way that merely kncwlnq the pooitlon of tho eourae 18
not sufficient to improva the as:,ay ~ignificantly.



The alternate equation for DDT aaaaya of fuel pellets seems to work
mwerately well up to 140 g, and it may be that this approach will prove
useful for certifying waatea of unknown form as being below the 200-g
limit set by WIPP. However, we feel that further testing of this
approach, perhaps with real waatea, is required. We alao note that when

the error e~timate is added to the aasay result, aa little aa 12 g of
finely divided fisaile material may appear to exceed the 200-g llmit
with this approach. We Intend to further evaluate this method by
comparing it with the combined thermal-epithermal neutron [3] (CTEN)
me:hod .

Beccuae of the difficult nature of the wastea to be anaayed and
because of thm large aaaay errors that can be expected, we have
tentatively reco-nded that the operators claaaify the waatea into threo
categories:

1. waste compoeed of finely divided fiaaile material~

2. waste containing full pellets; and

3. waste of unknown form.

With the first category, the combination of the (normal) DDT and
paaeive aaaaye ehould givm tho best ●etimate of tho fieeile maoa in tha
cans. With waate known to contain fuel pellbts, we roconunend that the
alternate fuel pellet function approach be used, but only to confirm tt.e
eatl.matea of the maea made by the operators who generated the waete. For
the third category, we can obtain upper and lower fiasila lim.lts ueing
both approaches, hut we’re hopeful that masurenmnts with the CTEN device
will provide more definitive results.

Tho authora wish to ●cknowledge th~ contribution of John Caldwell, wno
initiated this project Krag Allander ●nd Clarence Herrara ●a8i.eted in

the construction of tho device. The nwutron gonarator was aosmnblad and

maintained by Ray Ha8tingn.
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